Abstract N-Heterocyclic carbene (NHC)-catalyzed vinylogous Mukaiyama aldol reaction of ketones was developed. Under the catalysis of 5 mol% NHC, α-keto esters and α-trifluoromethyl ketones reacted with 2-(trimethysilyloxy)furan efficiently to produce γ-substituted butenolides containing adjacent quaternary and tertiary carbon centers in high yields with good diastereoselectivities.
N-Heterocyclic Carbene-Catalyzed Vinylogous Mukaiyama Aldol Reaction of α-Keto Esters and α-Trifluoromethyl
Butenolides are a common structural subunit found in natural products and biologically active compounds. 1 Owing to their synthetic importance, considerable efforts have been exerted to develop new methodologies for the synthesis of this ubiquitous building blocks. 2 Among them, the vinylogous Mukaiyama aldol (VMA) reaction of 2-(trimethylsilyloxy)furan (TMSOF) and electrophiles provide a powerful and effective strategy for the formation of butenolide derivatives. 3 In the past decade, various methods have been developed for racemic as well as enantiomeric VMA reaction between TMSOF and aldehydes. 4 However, in contrast to the extensively studied VMA reaction of aldehydes, the similar reaction of ketones, which can provide γ-substituted butenolides containing adjacent quaternary and tertiary carbon centers, are far less examined. In 1999, Evans reported 5 the C 2 -symmetrical copper(II)-catalyzed asymmetric VMA reaction of methyl pyruvate and benzyloxyacetaldehyde. Resulting from this pioneering work, several other chiral copper(II)-complex-catalyzed VMA reaction of α-keto esters and α-keto phosphonates were documented by Bolm, Farile and Miao. 6 Recently, a lanthanum triflate-catalyzed diastereoselective VMA reaction of TMSOF and isatins was developed by Meshrama and co-workers. 7 However, to the best of our knowledge, only one example of organocatalyst promoted VMA reaction of a ketone was reported by Verkade, 8 who found that proazaphosphatrane can catalyze the VMA reaction of TMSOF and 2,2,2-trifluoacetophenone. Therefore, the development of efficient organocatalystpromoted VMA reaction of ketones is highly desirable.
Recently, N-heterocyclic carbenes (NHCs) 9 have been utilized as highly efficient nucleophilic organocatalysts to mediate a variety of transformations of silicon-based nucleophiles, 10 such as cyanation, 11 trifluoromethylation 12 ring-opening, 13 polymerization, 14 and other reactions. 15 In our initial studies, 16 we found that NHCs can mediate VMA reaction between TMSOF and aldehydes efficiently. This organocatalytic protocol was further applied to VMA reaction of ketones, and herein, we wish to report these results.
The study commenced with the reaction of methyl phenylglyoxylate (2a) and TMSOF (1) ( Table 1 ). To our delight, under the catalysis of 5 mol% 1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene 17 (IPr; 4, Figure 1 ), this VMA reaction proceeded very smoothly in THF at ambient temperature to afford γ-substituted 3a in excellent yield, but with low diastereoselectivities (Table 1 , entry 1). Other NHCs derived from imidazolium and imidazolinium can also promote the reaction efficiently (Table 1, entries 2-5). However, NHCs generated from either thiazolium or triazolium precursor cannot catalyze the addition (entries 6-8). An evaluation of reaction media revealed that chloroform can give the desired product in 91% yield with 80:20 anti/syn selectivity (entries [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Reducing the catalyst loading to 1 mol% led to dramatic decrease of reaction efficiency, although good diastereoselectivities were maintained (entry 21). Y. Wang et al.
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products in high yields with good diastereoselectivities (entries [4] [5] [6] [7] [8] . In the case of ortho-substituted substrate 2i, two diastereoisomers were produced in 1:1 ratio (entry 9). Gratifyingly, ethyl naphthylglyoxylate (2j) and heteroaromatic α-keto ester 2k were also proved to be good candidates for the reaction, producing the corresponding butenolides in high yields with moderate anti-selectivity (entries 10 and 11). Notably, ethyl pyruvate underwent this VMA reaction very well, affording 3l in 64% yield with 66:34 anti/syn selectivity (entry 12). Trifluoromethyl ketones, another active carbonyl compounds, which are utilized widely in the synthesis of fluorinated molecules, were also tested in the reaction. Both electron-donating and -withdrawing groups substituted substrates reacted with TMSOF smoothly, producing trifluoromethylated butenolides in good yields with moderate to good anti-selectivity (entries [13] [14] [15] .
Based on the pioneering work of NHC-catalyzed Mukaiyama aldol reaction of aldehydes, 16 we propose that NHC attacks the silicon atom of TMSOF to activate the Si-O bond and initiate the VMA reaction (Scheme1).
Two possible open-chain transition-state models are also proposed as depicted in Figure 2 . In order to reduce the steric repulsion between the R group and the γ-H of TMSOF, the nucleophilic addition proceeded via TS1 preferentially, thus to afford anti-isomer as the major product.
Figure 2 Proposed transition state models
In conclusion, an NHC-catalyzed VMA reaction of activated ketones has been developed. The efficient, transitionmetal-free conditions and simple procedure offers a novel protocol for the diastereoselective preparation of γ-substituted butenolides.
Unless otherwise indicated, all reactions were conducted under N 2 atmosphere in oven-dried glassware with magnetic stirring bar. Column chromatography was performed on silica gel (200-300 mesh). Analytical TLC on silica gel was detected by fluorescence quenching, I 2 , or KMnO 4 staining. 1 H NMR (400 MHz) and 13 C NMR (100 MHz) spectra were recorded on a Bruker-DMX 400 spectrometer in CDCl 3 , with TMS as an internal standard and reported in ppm (δ). IR spectra were recorded on a Nicolet FT/IR-360 spectrophotometer and reported in wave number (cm -1 ). All starting materials were obtained from commercial supplies and used as received. All solvents used are anhydrous. N-Heterocyclic carbene precursors 5b and 5c were purchased from Sigma-Aldrich and Tokyo Chemical Industry Co., Ltd. 2-(Trimethylsilyloxy)furan, 18 and other imidazolium 17 and triazolium precursors for NHC 19 were prepared according to literature procedure.
NHC-Catalyzed Vinylogous Mukaiyama Aldol Reaction; General Procedure
To a solution of IPr (4; 6.0 mg, 0.015 mmol) in CHCl 3 (1.0 mL) was added ketone 2 (0.3 mmol) and 2-(trimethylsilyloxy)furan (1; 0.45 mmol, 70 μL). The reaction mixture was then stirred at r.t. until full consumption of the starting α-keto ester or α-trifluoromethyl ketone as indicated by TLC in 12 h. The reaction mixture was quenched with aq 1 N HCl and stirred at r.t. until complete deprotection of TMS group (0.5-6 h). After neutralization with sat. aq NaHCO 3 , the mixture was extracted with EtOAc. The combined organic phases were dried (Na 2 SO 4 ), filtered, and concentrated. The ratio of anti/syn was determined by 1 H NMR analysis of the crude product and the configuration was assigned by 1 H NMR comparison with NMR data of literature.
6c All the crude products were purified by silica gel chromatography (PE-EtOAc, 4:1) to afford the pure products. Pure anti-and syn-diastereoisomers; yield: 67.7 mg (91%); white solid.
anti-Isomer
Mp 128.8-130.5 °C. C NMR (100 MHz, CDCl 3 ): δ = 170. 3, 169.8, 150.2, 134.5, 127.0, 126.6, 123.8, 121.8, 83.7, 76.4, 51.8 .
syn-Isomer
Mp 125.9-128.4 °C. 
13
C NMR (100 MHz, CDCl 3 ): δ = 172. 4, 171.3, 152.2, 136.7, 128.8, 128.5, 125.8, 123.7, 85.9, 78.2, 63.3, 14 .0. 20 Pure anti-diastereoisomer; yield: 71.3 mg (82%); yellow liquid. 5, 170.3, 152.3, 137.2, 128.7, 128.4, 125.8, 123.6, 86.3, 85.3, 78.1, 27.8 .
tert-Butyl 2-Hydroxy-2-(5-oxo-2,5-dihydrofuran-2-yl)-2-phenylacetate (3c)

Ethyl 2-Hydroxy-2-(5-oxo-2,5-dihydrofuran-2-yl)-2-(p-tolyl)acetate (3d)
Pure anti-diastereoisomer; yield: 69.5 mg (84%); white solid; mp 120. 8-122.5 °C. IR (KBr): 3390, 2920 , 2345 , 1740 , 1381 , 1246 , 1157 , 1099 , 1045 , 605 cm 4, 171.4, 152.3, 138.7, 133.7, 129.2, 125.7, 123.6, 85.9, 78.1, 63.2, 21.0 C NMR (100 MHz, CDCl 3 ): δ = 172. 4, 171.4, 159.9, 152.4, 128.6, 127.1, 123.6, 113.8, 86.0, 77.9, 63.2, 55.3, 14.0 
Ethyl 2-(4-Fluorophenyl)-2-hydroxy-2-(5-oxo-2,5-dihydrofuran-2-yl)acetate (3f)
Pure anti-diastereoisomer; yield: 76.5 mg (91%); white solid; mp 122.5-125.0 °C. IR (KBr): 3450, 3105, 2287, 1750, 1604, 1512, 1373, 1253, 1161, 1095, 1030, 825 , 590 cm 
13
C NMR (100 MHz, CDCl 3 ): δ = 172. 1, 171.1, 151.9, 135.0, 135.0, 128.6, 127.4, 124.0, 85.5, 77.6, 63.6, 14 .0.
HRMS (TOF): m/z [M + Na]
+ calcd for C 14 H 13 ClO 5 Na: 319.0344; found: 319.0345.
Ethyl 2-(4-Bromophenyl)-2-hydroxy-2-(5-oxo-2,5-dihydrofuran-2-yl)acetate (3h)
Pure anti-diastereoisomer; yield: 87.0 mg (85%); white solid; mp 120.2-122.5 °C.
IR (KBr): 3324, 3102, 2957, 1817, 1748, 1730, 1607, 1490, 1399, 1251, 1176, 1101, 1011, 831, 699 , 545 cm 
13
C NMR (100 MHz, CDCl 3 ): δ = 172. 1, 171.1, 151.9, 135.6, 131.6, 127.7, 124.0, 123.2, 85.4, 77.7, 63.6, 14. IR (film): 3321, 2928, 2344, 1760, 1618, 1421, 1244, 1155, 1049, 756 cm -1 . 1 H NMR (400 MHz, CDCl 3 ): δ = 7.58 (dd, J = 5.6, 2.0 Hz 1 H, syn), 1 H syn), 7.50 (dd, J = 5.6, 2.0 Hz, 1 H anti), 1 H anti), 1 H), 1 H), 1 H), 6.16 (dd, J = 5.6, 2.0 Hz, 1 H syn), 6.09 (dd, J = 5.6, 2.0 Hz, 1 H anti), 6.08 (t, J = 1.6 Hz, 1 H syn), 5.80 (t, J = 1.6 Hz, 1 H anti), 2 H), 4.05 (s, 1 H, syn), 3.87 (s, 1 H, anti), 3.81 (s, 3 H), 1.23 (t, J = 7.2 Hz, 3 H syn), 1.22 (t, J = 7.2 Hz, 3 H (anti) . 13 C NMR (101 MHz, CDCl 3 ): δ (anti) = 172. 6, 171.3, 156.3, 153.2, 130.1, 127.5, 125.6, 123.0, 121.1, 111.4, 83.9, 77.1, 62.1, 55.4, 14.0; δ (syn) = 172.7, 171.7, 156.5, 153.2, 130.3, 127.8, 126.6, 123.2, 121.2, 111.6, 84.4, 77.7, 62.6, 55.6, 14. 
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Ethyl 2-Hydroxy-2-(naphthalen-2-yl)-2-(5-oxo-2,5-dihydrofuran-2-yl)acetate (3j)
Pure anti-diastereoisomer; yield: 80.5 mg (86%); white solid; mp 164.5-168.0 °C.
IR (KBr): 3340, 2933 (KBr): 3340, , 2340 (KBr): 3340, , 1741 (KBr): 3340, , 1389 (KBr): 3340, , 1256 (KBr): 3340, , 1202 (KBr): 3340, , 1156 (KBr): 3340, , 1099 (KBr): 3340, , 1080 (KBr): 3340, , 1045 . 1 H NMR (400 MHz, CDCl 3 ): δ = 8. 1 H), 2 H), 1 H), 4 H), 6.25 (dd, J = 6.0, 2.0 Hz, 1 H), 6.19 (t, J = 1.6 Hz, 1 H), 1 H), 1 H) , 4.09 (s, 1 H), 1.17 (t, J = 7.2 Hz, 3 H). 13 C NMR (100 MHz, CDCl 3 ): δ = 172. 3, 172.2, 152.3, 134.7, 132.2, 131.0, 130.5, 129.2, 126.7, 125.9, 125.0, 124.9, 124.6, 123.9, 84.9, 78.7, 63.6, 13.9 2, 170.5, 152.1, 139.7, 127.3, 126.3, 126.0, 123.6, 85.9, 77.2, 63.8, 14 2, 152.1, 123.3, 86.1, 75.0, 62.8, 21 .5, 14.1. IR (KBr): 3273, 3111, 2930 (KBr): 3273, 3111, , 2851 (KBr): 3273, 3111, , 1961 (KBr): 3273, 3111, , 1797 (KBr): 3273, 3111, , 1599 (KBr): 3273, 3111, , 1496 (KBr): 3273, 3111, , 1406 (KBr): 3273, 3111, , 1259 (KBr): 3273, 3111, , 1169 (KBr): 3273, 3111, , 1093 (KBr): 3273, 3111, , 1053 IR (KBr): 3310, 3104, 2944 (KBr): 3310, 3104, , 2847 (KBr): 3310, 3104, , 1751 (KBr): 3310, 3104, , 1617 (KBr): 3310, 3104, , 1519 (KBr): 3310, 3104, , 1464 (KBr): 3310, 3104, , 1348 (KBr): 3310, 3104, , 1301 (KBr): 3310, 3104, , 1270 (KBr): 3310, 3104, , 1169 (KBr): 3310, 3104, , 1097 (KBr): 3310, 3104, , 1023 , 534 cm 9, 160.3, 152.3 (q, J = 1.6 Hz), 127.6, 124.7, 124.7 (q, J = 284.0 Hz), 123.7, 113.9, 82.9, 77.3 
5-(
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